852nm nano-second laser pulse chain with a high on/off ratio is generated via chopping a continuous-wave laser beam by using of a Mach-Zehnder-type electro-optic intensity modulator (MZ-EOIM). Detailed analysis and dependence of the on/off ratio on the splitting ratio, the co-splitting ratio, and the arms loss of MZ-EIOM are presented. By optimizing the polarization of incident laser beam and stabilizing MZ-EOIM temperature, the static on/off ratio of 12600:1 is achieved. Also the dynamic on/off ratios versus the pulse repetition rate and the pulse duty cycle are measured and discussed. This high on/off ratio ns pulsed laser system has served as the excitation pulse source for a triggered single-photon source based on trapped single cesium atom, which reveals a representative anti-bunching.
I. INTRODUCTION
Integrated optical devices play important roles in the fields of high-speed fiber telecom and laser technology due to advances in flexibility, small size, high sensitivity and other characteristics. LiNbO3 optical waveguide devices can ultrafast modulate laser's amplitude, phase, and frequency [1, 2] . For LiNbO3 waveguide Mach-Zehnder-type electro-optic intensity modulator (MZ-EOIM), square-wave electrical pulses applied on the modulation port can slice a continuous-wave laser beam into a rectangle wave with typical pulse duration on order of nanosecond even less, which could serve as excitation light to implement a triggered single-photon source [3] [4] [5] . In order to achieve a nearly deterministic triggered single-photon source, it requires realizing a high on/off ratio excitation laser pulses. However, due to the limited fabrication technology [6] in the manufacture process of MZ-EOIM, polarization fluctuations of incident laser and thermal drift may cause a significant fluctuation of output pulses at minimum intensity, which is defined as OFF state, the maximum transmission is defined as ON state.
As shown in Fig.1 , after initially prepared single Cs atom trapped in a microscopic optical tweezer [7] in the ground Zeeman state |Fg=4, mF=+4>. Applied by a resonant  + -polarized  pulse (pulse duration te = 5 ns), the atom can be excited to 6P3/2 |Fe=5, mF=+5>. The spontaneously emitted photons can be collected by a high numerical aperture lens assembly, Moreover, to reduce the multiphoton events in the single-photon source, the laser intensity of OFF state should closer to zero to avoid the atom being excited by the residual photons. Therefore increasing the ratio of maximum and minimum power (on/off ratio) of the output pulsed light is particularly important. Generally, the on/off ratio of commercial MZ-EOIM at wavelength of 850nm not as good as for 1550nm devices, two questions need to solve in the pulse train generated by MZ-EOIM, one is the reducing the power at OFF state as low as possible, and another is stabilize the power of OFF state. The on/off ratio of output pulsed light depends on the symmetry of the two arms of MZ interferometer, the temperature, the polarization of input laser, and the external stress [6] . The DC bias voltage at the OFF point drifts over time, resulting in the fluctuation of output power of ON and OFF state. There are possible approaches to improve the stability and increase on/off ratio of MZ-EOIM. One is optimizing the structure of the modulator design [8, 9] . Specially designed Y-type coupler and waveguide dimensions can decrease insert losses and improve the symmetry of the structure, where the MZ-EOIM polarization and power fluctuation can be decreased. However, this approach has high demands for technical accuracy and fabrication to coincide with theoretical calculation. By searching for the proper DC bias voltage of the OFF state using the external modulation way, Dingjan et al. [5] , Snoddy et al. [10] , and Bui et al. [11] implemented negative feedback in real-time to re-calibrate DC operating point. But this approach would bring extra unwanted intensity fluctuation, due to the modulation signal used for the feedback loop around the MZ-EOIM. For the double or more MZ-EOIMs in series, the overall transmitted light on/off ratio of two MZ-EOIMs is the product of the two on/off ratio in principle, but the limited input power of and insertion loss of cascade MZ-EOIMs [2, 12] result in a lower output power. Moreover, before using in the high-frequency signal applications, it is difficult to keep synchronization in time when the electric signal applied to two modulators. In this letter, by finely matching the polarization of input light using single-mode polarization maintaining (PM) fiber and precisely stabilizing temperature, the modulator is free sensitivity of the temperature [13] and polarization [14] fluctuation. It is significant that the output laser on/off ratio can also be increased.
The rest of this paper is organized as follows. In Sec. II we introduce detailed analysis and dependence of the on/off ratio on the splitting ratio, the co-splitting ratio, and the arms loss of MZ-EIOM. In Sec. III we develop pulse generation system and active temperature stabilization of MZ-EOIM. In Sec. IV we measured and analyzed the dependence of optical transfer functions, on/off ratio and power stability in OFF state. Finally, we demonstrate the practicality in triggered single photon source based on single atom in an optical trap. Lastly, we draw our concluding remarks in Sec. V.
II. PRINCIPLE
Lithium niobate (LiNbO3) is used for electrical control the optical phase in each arm of MZ-EOIM, 3 due to its linear electro-optic effect [15] . According to the principle of MZ interferometer, when the two branches are combined at Y junction, the laser intensity can be changed as shown in Fig. 2 . We assume that the incident light wave 0 E is divided into two parts by a ratio 22 (1 ) aa  at the first Y junction beam splitter, two expected waves propagated in each arm were changed the phase of 1 and 2 by the applied electric field. In addition to the different insertion losses, corresponding to two arms transmissivities T1 and T2, respectively. When two beams are combined at the second Y junction by intensity ratio of 22 (1 ) bb  , the output E can be written as:
In the ideal case, the symmetric arms in the MZ-EOIM can be described by 22
The output E can be obtained as below:
(3) Obviously, the output laser intensity varies with phase difference, which is induced by DC-bias voltage DC V , RF voltage () RF Vt or temperature. The light waves in the second junction cannot propagate through the waveguide for the opposite phase
, here n is integer, and  are / 3.4V  and /1.7V  , respectively. The modulator can be turned OFF and ON by suffering the voltage () RF Vt . Moreover, the reversal speed from the OFF state to the ON state not only depends on the response speed of modulator, but also relates to RF electrical pulse time domain profile. The electrical pulses and laser pulses are measured and shown in Fig. 3 , corresponding to pulse width of 1 ns, 2 ns, 3 ns, 4 ns, and 5 ns, respectively. The electrical pulses are provided by a fast pulse generator (AVTech, Model AVM-1-C), laser pulses are achieved from a MZ-EOIM (Eospace, Model AZ-OK5-10-PFA-PFA-850-UL) driven by the electrical pulse under the condition of the DC voltage at OFF state. The laser pulses are detected using a fast photo-detector (New Focus, Model 1554-B, bandwidth: DC~12 GHz, rising time: ~ 30 ps) and recorded by an oscilloscope (Agilent, Model DSO-90254A, bandwidth 2.5 GHz). We could see that the laser pulses' profile coincided with the waveform of the electrical pulses, just the falling edge of the laser pulse is a little bit slower. This caused by the transient process of capacitance between internal electrodes in MZ-EOIM waveguide.
In fact, the degradation of on/off ratio is caused by imbalance of two arms in EOIM. Here we only consider the splitting ratio effected on the results. Assuming 2 1/ 2 b  , T1=T2=1, the output light intensity in Eq. (1) can be rewritten as following:
(4) According to Eq. (4), the minimum intensity is no longer zero when  =, thus on/off ratio R is a finite value:
The dependence of theoretical on/off ratio value can be seen in Fig. 4 . When the splitting ratio is 50/50, the on/off should be infinite in theory, and it will sharply fall from infinity to below 2000 when the splitting ratio is worse than 52/48. Considering the different losses and the splitting ratio between two arms, the on/off ratio will be no more than 1000 actually. So it is need to conduct an efficient way 4 to optimize the on/off ratio. 
III. EXPERIMENTAL
An extended-cavity diode laser (ECDL, Toptica, Model DL100) provides 852 nm output with the maximum power of 80 mW. As shown in Fig. 5 , when the laser frequency is scanned across Cs 6S1/2 (Fg = 4) -6P3/2 (Fe = 3, 4, 5) hyperfine transitions, the corresponding polarization spectra [15] can be obtained. We lock the ECDL's frequency to the 6S1/2 (Fg = 4) -6P3/2 (Fe = 5) closed transition by using of the polarization spectra via a proportion-integration (PI) amplifier and the PZT driver of the ECDL.
The main output beam passes through two acousto-optical frequency shifters (AOM1 and AOM2) and the MZ-EOIM, which is inserted between two AOMs to generate high on/off ratio laser pulses for atomic excitation. Here two AOMs are used to change the excitation laser pulses' frequency to match the AC-Stark shifted Cs 6S1/2 |Fg=4, mF=+4> -6P3/2 |Fe=5, mF=+5> closed transition of trapped single atom in our microscopic optical tweezer [6] . Two fiber couplers (FCs) are used to couple the laser beam into (and out from) the MZ-EIOM's input (and output) PM fiber. Before being fed into the MZ-ZOIM via the input PM fiber, the incident beam should be purely linearly-polarized with a high extinction ratio (> 40 dB). We carefully adjust the incident beam's polarization to match the input PM fiber. The typical transmissivity (Pout/Pin) is up to 32% due to the insertion loss. The MZ-EOIM is driven by RF signal (applied to the RF port) with the half-wave voltage V (typical half-wave voltage is V = 3.4 V). When a DC bias voltage (applied to the bias port) fixed at a minimum transmissivity, the MZ-EOIM produces laser pulse chain periodically changed from the OFF state to the ON state. According to Eq. (3), if the DC bias voltage is changed linearly, Pout will change as a cosine trend. Thermistor   Pe1 Pe2 Pe3 In general, LiNbO3 waveguide with different crystal cut ways (X-cut, Y-cut, and Z-cut) is fabricated in wafers [16] . The Z-cut mode ridge waveguides increase the overlap between the applied electric field and the laser mode, which provides a lower half-wave voltage, but presents pyroelectric and thermo-optic effects. Because of the electrodes are directly located above the waveguide, the MZ-EOIM working condition is strongly affected by temperature. Due to the above-mentioned reasons, the DC bias voltage of the Z-cut MZ-EOIM used in our experiment drifts with the ambient temperature, which is problematic for generation of high on/off ratio laser pulses.
MZ-EOIM
To suppress the DC bias voltage drifting caused by temperature change, we designed a temperature control device, as shown in Fig. 6 . The MZ-EOIM package is placed on a thin copper plate with thermal grease to improve heating conduction. A 10 k calibrated thermistor is placed inside copper plate for monitoring the MZ-EOIM's temperature. Install three parallel Peltier modules (thermal electric coolers, TECs) under the copper plate and connected with a temperature controller (Thorlabs, Model TED-200C) to stabilize the temperature. Typical temperature instability is less than 5 mK. The temperature-controlled MZ-EOIM is covered with an organic glass box to isolate it from the flow air and weaken temperature fluctuation. 6 
IV. RESULTS AND DISCUSSIONS
As described by Eq. (4), we can trace the intensity at the outlet of the MZ-EOIM depending on the applied voltage, as shown in Fig. 7(a) . The three curves represent different temperatures (296.4 K, 298.3 K, and 299.8 K). The maximum output power at the ON state is 7.5 mW. However, the minimum output power at the OFF state varies with the DC bias voltage, the incident polarization, and the MZ-EOIM's temperature. If the incident polarization is stable, power transmission curves at different temperatures will shift in specific direction. In principle, if there is no applied electronic signal (0 V), the relative phase shift between the two arms of the MZ-EOIM should be 0, and this yields that the transmitted power reaches maximum value. In Fig. 7(a) , with no DC bias voltage (the vertical solid line), the temperature difference is less than 3.5 K, but output power varies seriously, corresponding to transmissivity varying from 99.6% to 45.8%, where the phase shift is caused by temperature due to the imbalance of two arm, pyroelectric effects [15] and temperature gradient between two arms [13] . Moreover, residual drift of the DC bias voltage at OFF state also indirectly changes output peak power. It is unacceptable that the Rabi frequency of excitation laser pulse varies over time in the triggered single-photon source [17] . Actually the power fluctuations at the OFF state will increase the probability of multiple excitations in one pulse period.
The phase shift depended on temperature is shown in Fig. 7(b) , the temperature induced phase shift are about π/5.68 K and π/5.58 K , corresponding to DC bias voltage of 0V and 3V, respectively. This result may be viewed as a consequence of different arm length in MZ-EOIM or by considering that different thermal expansion induced by temperature gradient. The temperature-dependent extraordinary index of refraction in LiNbO3 was described by the below Sellmeier equation [ 
Where 2/ k   is the wavenumber of the incident beam, the effective electro-optic coefficient eff = 30.8 pm/V, LDC is the DC electrode length, d is the distance of electrode, L and 0 represent the length difference and initial phase difference between two arms in waveguide, respectively. The open circle and square describe the DC voltage of 3V and 0V, respectively. The solid lines in Fig. 7(b) fit with Eq. (3) and (7), which shows a good agreement with the measured data in room temperature which is below 300 K. For temperature above 300K shown a little large deviation may be caused by temperature gradient between the sensor and the MZ-EOIM waveguide. The inset shown in Fig. 7(b) is the "double local minimum" of output power, so we choose the lowest local minimum as the OFF state to achieve a high on/off ratio. In fact the temperature induced phase shift includes asymmetric excitation and asymmetric arms [10, 19] and the pyroelectric field effects [20, 21] , especially in the case of the different electrodes length [22] . After carefully matching the incident light polarization with the PM fiber and slowly changing the preset value of temperature controller, the OFF state can be searched at a specific bias voltage. If adding a half-wave voltage on the RF port, we can get the ON state. The measured static on/off ratios are shown in Fig. 8 . The measured maximum on/off ratio is up to 12600:1, increasing by 21 dB compared with a typical value of 100:1. Every peak in Fig. 8 has a sharp slop, and they are similar to the expected curve profile in Fig. 4 , corresponding to the symmetric of two arms tends to be perfect. One point should be addressed that the high on/off ratio can be achieved at low repetition rates, but at high repetition rates, such as megahertz, the on/off ratio will decrease, owing to power supply, the response speed of MZ-EOIM and the capacitance of coaxial cables. Finally, we measured the dynamic on/off in EOIM. The laser pulse trains, with duration of 5ns and various repetition rate from kilohertz to megahertz, were detected by Single Photon Counting modules (SPCM-AQRH-15-FC), and recorded by the P7888 card (FAST ComTec.). The acquisition card is triggered by the synchronized electrical pulse as the start. Then the dynamic on/off ratio can be shown in Fig. 9 , in which the dynamic on/off ratio is the ratio of the average photon counts per second in ON state and the average photon counts in OFF state per second. All measured the pulse trains was delivered into SPCM by multimode fiber after attenuate the output of the temperature-controlled MZ-EOIM. At a few kilohertz repetition rates, the on/off ratio remain above 5000, but gradually drop off to several hundred as the repetition rate is up to megahertz in Fig. 9(a) , the same law can be seen when we increase the pulse duty ratio of 1MHz repetition rate in Fig. 9(b) , which main is caused by the negative overshoot electronic signal and or the charge and discharge between electrodes. After the settling time of OFF state the residual photon counts similar to the static residual photon counts.
Due to the insertion loss of MZ-EOIM (including absorption), the input laser will heat the LiNbO3 waveguide. Also the applied electrical signal with certain power will cause heating. The temperature drift [20, 22] will change the refractive index, leading to phase shift fluctuation. When the phase difference of two arms fluctuates with the temperature, the DC bias voltage at the OFF state will change. Furthermore, the thermal effect will also cause the deformation of the waveguide geometry structure, leading to mismatching of the light mode inside the waveguide. It will affect the waveguide structure transmissivity of the arms (T1 and T2). As a result, it make beam splitting ratio of Y type deviate from 50/50. The temperature stabilization system can accurately match the temperature to optimum working point, at which the co-efficient balance between the two branches, thus the on/off ratio can increase remarkably.
In this method, because the peak intensity fluctuation percentage is much smaller than the OFF state, the power stability at OFF state directly reflects the stability of on/off ratio. As shown in Fig. 10 , the MZ-EOIM not only reach a lower power at OFF state, but also the power drift can be remarkable suppressed. At the OFF state, the power drift of MZ-EOIM with temperature stabilization and without temperature stabilization are 0.42μW/h and 6.35μW/h, respectively. Generally, if we carefully match the temperature to make the temperature of MZ-EOIM waveguide reach a steady thermal equilibrium, which including Peltier modules, the internal laser power dispersion and RF electrical signal. To prove the practicability of the high on/off ratio pulse laser, we have demonstrated the second-order intensity correlations of light field spontaneously emitted from the trapped single cesium atom, which is excited by 5ns pulse chain with a repetition rate of 2MHz. As shown in Fig.11 , the results are measured by a Hanbury-Brown-Twiss setup [23] without any background subtraction, the coincidence close to zero around zero delay is the signature of a triggered single photon source.
V. CONCLUSIONS
In conclusions, we have reanalyzed the model of transmitted light intensity of MZ-EOIM and found that the impact factors of the MZ-EOIM's on/off ratio are different transmittance of two arms (T1 ≠ T2), asymmetric splitting ratio, and combination ratio of Y-type structure. In addition the thermal fluctuation caused by heat exchange between the MZ-EOIM and thermal bath of laboratory environment, in fact, the MZ-EOIM also absorbs part of continuous-wave laser radiation and
